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Hydraulic piping systems, such as fluid-filled break and fuel pipes in automotive applications, undergo strong acoustic excitation due to pressure pulsations of pump and valve operation. By fluid-structure coupling the sound transmission within the pipe may lead to a structural excitation of other car components causing excessive noise levels or even structural failure. In order to obtain a complete and reliable understanding of the wave propagation and vibration phenomena in spatial piping systems, a test rig is presented, consisting of a pressure source and a fluid-filled break pipe with an attached target structure. With this experimental setup, it is possible to quantify the acoustic sound transmission and to examine the dynamic behavior by transfer functions. The experimental results are compared with finite element simulations employing efficient model order reduction techniques for the fluid-structure coupled system. This research focuses on the identification of hydraulic resonances and the optimal mounting of the fluid-filled break pipe in order to minimize the structure-borne sound induced on the target structure.
Introduction
Fluid-filled piping systems in typical automotive applications encounter strong hydraulic excitation due to pump and valve operation. Strong fluid-structure interaction phenomena between the flexible pipe shell and the fluid partition are observed in spatial piping systems [1, 2] . The transition from fluid-borne sound to structure-borne sound induced on target structures such as the floor panel or other parts of the car body leads to undesired vibration and noise levels or even structural failure. This research examines wave propagation and vibration phenomena both in the fluid path and the structural path in order to develop techniques to minimize structure-borne sound induced on the target structure. The optimization of the mounting position of the piping assembly turns out to be a particularly efficient way to reduce structure-borne sound in a wide frequency range. The experiments are conducted using a reliable hydraulic test bench [3] in order to measure hydroacoustic and vibroacoustic transfer functions of a fluid-filled break pipe with an attached plate as target structure where the structure-borne sound is measured. The hydraulic excitation is realized with a dynamic pressure source. The experimental results are compared with finite element simulations of the fluid-structure coupled assembly. To avoid the harmonic analysis of the full complex spatial piping system, substructering and model order reduction techniques are applied. Due to the small component interfaces of automotive piping systems, the adaptation of the Craig-Bampton method [4, 5] to fluid-structure coupled piping systems as developed in [1, 6] is used as an efficient model order reduction strategy. Note that the mean flow velocity is negligible when compared with the hydroacoustic speed (Mach number M << 1) [1] .
The present article is structured as follows: First, the hydraulic test bench and its instrumentation is explained and the finite element modeling including the used component mode synthesis (CMS) method is described. Hydraulic transfer functions resulting from the measurement and simulation are compared which reveals strong fluid-structure coupling. Then, the connection points of the pipe to the target structure (the so called clips) are varied and the optimal mounting position of the piping system is determined by comparing vibroacoustic transfer functions. The goal of this research is the optimization of the dynamics in automotive piping systems and to obtain a better understanding of fluid-structure interaction phenomena.
Experimental setup
The experimental setup of the hydraulic test bench is illustrated in Fig 1. The setup consists of a hydroacoustic pressure source and a hydraulic pipe with an attached target structure. The hydraulic pipe is a curved steel break pipe (lengths 0.7 + 0.3 m) filled with water. More details on the material and geometrical properties are given in Table 1 and 2. The mounting of the target structure is realized with two steel clips. The pressure source consists of two piezostacks which are arranged perpendicularly to the direction of wave propagation and on opposite sides of the hydraulic pipe. The piezostacks are driven by a power amplifier and a function generator and oscillate with opposite phase in order to excite pressure pulsations in the fluid column [3] . A sweep excitation is chosen in order to excite a wide frequency range. The repeated sweep signals have a cycle duration of 100 ms. A typical time signal of the inlet pressure p 1 and the corresponding FFT is depicted in Fig. 2 . The housing of the pressure source is designed in such a way that most of the energy goes into the break pipe where the dynamic measurements are conducted. The supply pipe with the additional pump is required to fill and compress the fluid to ensure a stable fluid column without any air bubbles. The dynamic pressure pulsations are measured with piezoelectric pressure sensors, whereas the structure-borne sound on the target structure is measured with a tri-axial accelerometer. The used instrumentation captures both the fluid- borne sound and the resulting structural excitation of the target structure and, in particular, flexural vibrations. The estimation of transfer functions is performed as explained in [7] . 
FEM and model reduction
The substructures of the spatial piping assembly are modeled using the finite element method. The discretized fluid and structural partitions are coupled by a fluidstructure interface [8] . Two coupling conditions hold, namely the Euler equation
with the displacements u, the acoustic pressure p and the normal direction n, and the reaction force axiom
here expressed in terms of Cauchy's stress vector t in the solid. The dynamic equations of the coupled finite element model are derived as described in [1, 8] 
with nodal displacements u and acoustic pressures p.
According to the Craig-Bampton method [4] , a transformation with respect to the component interface degrees of freedom is followed by a model reduction in modal space. The reduction basis consists of constraint modes characterizing the static solution and fixed interface modes up to a certain frequency of interest as shown in [1] . The reduction basis Θ s of the solid domain and Θ f of the fluid domain are defined as
with the generalized reduced coordinates q. Note that index I indicates interface degrees of freedom (DOFs) and index F denotes free DOFs. The interface DOFs u I and p I are kept as physical DOFs which is typical for the applied Craig-Bampton method. The resulting reduction basis for the two-field problem is summarized as
The reduced substructure contributions are assembled using the component mode synthesis (CMS) as described in [1, 4] . After the harmonic analysis of the reduced system, the results are expanded to full space in order to obtain the transfer function of interest. The finite element model of the assembled piping system with boundary conditions and a typical mode shape is depicted in Fig. 3 . The assembly consists of 8 substructures, whereas a model order reduction up to a factor of 20 is achieved (67602 → 3370 DOFs). The threedimensional modeling approach of the assembled piping system captures flexural vibrations of the pipe and target structure, which are particularly important in automotive applications.
Hydroacoustic transfer function
The measured and computed hydroacoustic (or hydraulic) transfer function H p1→p2 is depicted in Fig. 4 . The measured transfer function and correlation is estimated after measuring and averaging 30 swept pressure signals using the experimental setup as explained in section 2. The correlation between experiment and simulation is very good, both for the obtained hydraulic resonances and the predicted damping in the fluid path. The frequency dependent fluid damping model is based on a complex wave number and accounts for wall friction effects [9] , which are particularly important in slender pipes such as the present break pipe. A Rayleigh damping model is used to describe structural damping. Strong fluidstructure coupling is observed for a frequency around 1800 Hz, where the hydraulic and structural resonance coincides. Another fluid-structure coupled mode is visible around 3600 Hz. Note that the observed coupled modes are very sensitive with respect to the structural configuration and the pipe mounting position. 
Optimal mounting position of the piping system
Due to the pressure pulsations in the fluid and the strong fluid-structure coupling, the break pipe is excited and the structural vibrations are transferred by the clips to the target structure. To minimize the structure-borne sound induced on the target structure, the clip distance d, as defined in Fig. 1 , is varied and the vibroacoustic transfer function between the input pressure p 1 and the normal velocity v z on a representative measurement point on the target structure is measured and computed.
Section 5.1 summarizes the optimization scheme. In section 5.2, the evaluation of the vibroacoustic transfer function is described and the clip distance d is varied in equidistant steps to compare the conducted measurements with simulation results. Here, the upper clip is fixed and the lower clip position d 1 is varied. Then, in section 5.3, both clip positions d 1 and d 2 (as defined in Fig. 1 ) are varied and the simulation is connected to an optimization algorithm to minimize the structure-borne sound on the target structure.
Optimization scheme
The substructure generation and CMS-procedure is automated in order to compute numerous piping assemblies to find the optimal mounting position of the break pipe. The optimization flow chart is shown in Fig. 5 . The clip positions d 1 and d 2 as defined in Fig. 1 , and thus the clip distance d are varied and the ANSYS [10] input files of the relating substrucures (pipe sections, clip and target structure) are modified to achieve compatible meshes and to assemble the new piping system. After substructure generation, the system matrices and node/element tables are imported into Matlab [11] , where the model reduction and the CMS-procedure is performed. The adjacent harmonic analysis of the reduced system is realized using modal superposition and the H 2 -Norm [12] of the vibroacoustic transfer function is computed which acts as objective function of the optimization. This calculation scheme is embedded into an optimization loop which minimizes the objective function. The used optimization algorithm is the Nelder-Mead simplex method [13, 14] (Matlab implementation: fminsearch). 
Matlab

Evaluation of vibroacoustic transfer function
Since a wide frequency range with a high modal density of the relatively thin target structure is examined (up to 1500 Hz in the following), the H 2 -Norm is used as energy-based quadratic criterion [12] to evaluate the vibroacoustic transfer function H p1→vz . The a general transfer function G(iω) is given as
The present study only considers Single-Input-Single-Output (SISO) systems and therefore the trace vanishes from Eq (7) . Fig. 6 shows the H 2 -Norm of the vibroacoustic transfer function H p1→vz as a function of clip distance d both for the measurement and simulation. Note that the upper clip is fixed and the lower clip position d 1 is varied in 2 mm-steps in the simulation and 5 mm-steps in the experiment. It is obvious from Fig 6  that , both for the measurement and the simulation, the optimal clip distance is around d = 0.05 m, whereas the unfavorable distance is around d = 0.12 m. So far, no optimization algorithm is used, but the clip distance is varied in equidistant steps. The measured vibroacoustic transfer function for the two border cases is depicted in Fig 7. It is obvious, that the pipe configuration with the unfavourable clip distance of d = 0.12 m leads to the largest structure-borne sound levels in the entire displayed frequency range. The piping assembly with the optimal clip distance is characterized by the alignment of the clips on nodal lines for dominant vibrations, and hence, the induced structure-borne sound is minimized.
Optimization of mounting position
In the next step, the clip positions d 1 and d 2 are varied and the automatic substructuring and CMS-pocedure is coupled to the optimization algorithm as illustrated in Fig. 5 . The relevant local minima are depicted in Fig. 8 . For comparison, the result from the previous simulation of section 5.2, where only one parameter d 1 is varied, is shown in the same figure. The minimal value of the H 2 -Norm of the vibroacoustic transfer function H p1→vz is achieved for a clip distance of d opt = 0.05739 m (denoted as min2 in Fig. 8 and Table 3 
Conclusion
Hydroacoustic and vibroacoustic transfer functions are measured with a hydraulic test bench and the results are confirmed by 3D finite element simulations including fluid-structure coupling and an efficient model order reduction strategy. A considerable noise and vibration reduction is achieved by geometric means such as the variation of the mounting position of the pipe. An optimization algorithm is implemented in the component mode synthesis procedure and the H 2 -Norm of the vibroacoustic transfer function is introduced as objective function. The optimization of the pipe mounting position leads to a considerable reduction (up to 17 dB) of the structure-borne sound induced on the target structure in a wide frequency range.
